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bstract

In spite of the high-performance characteristics of a solid oxide fuel cell/gas turbine (SOFC/GT) hybrid system, it is difficult to maintain
igh-level performance under real application conditions, which generally require part-load operations. The efficiency loss of the SOFC/GT hybrid
ystem under such conditions is closely related to that of the gas turbine. The power generated by the gas turbine in a hybrid system is much less
han that generated by the SOFC, but its contribution to the efficiency of the system is important, especially under part-load conditions. Over the
ntire operating load profile of a hybrid system, the efficiency of the hybrid system can be maximized by increasing the contribution of power
oming from the high efficiency component, namely the fuel cell. In this study, part-load control strategies using air-bypass valves are proposed,

nd their impact on the performance of an SOFC/GT hybrid system is discussed. It is found that air-bypass modes with control of the fuel supply
elp to overcome the limits of the part-load operation characteristics in air/fuel control modes, such as variable rotational speed control and variable
nlet guide vane control.

2007 Elsevier B.V. All rights reserved.
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. Introduction

A solid oxide fuel cell (SOFC) is considered to be a potential
andidate for the next generation of power devices due to its high
fficiency and low emissions. The high-temperature operating
haracteristics of the SOFC provide hot exhaust gas, which can
e used as the heat source for either cogeneration or hybridiza-
ion with a bottoming cycle. An SOFC/gas turbine (SOFC/GT)
ystem is an example of the hybridization of an SOFC [1]. The
ole of the gas turbine in an SOFC/GT hybrid system is: (i) to
roduce additional electrical power with the high-temperature

xhaust gas of the SOFC and hence improve system efficiency;
ii) to supply air to the SOFC; (iii) to pressurize the SOFC in the
ase of a pressurized hybrid system.

Abbreviations: CAB, cold air-bypass; CABV, cold air-bypass valve; FC,
uel cell, fuel control; FOC, fuel-only control; HAB, hot air-bypass; HABV,
ot air-bypass valve; TIT, turbine inlet temperature; VIGV, variable inlet guide
ane; VRS, variable rotational speed.
∗ Corresponding author. Tel.: +82 2 880 7434; fax: +82 2 889 6205.
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Generally, power systems are engineered to be operated under
esign-point conditions. Under real operating conditions, how-
ver, design-point conditions can rarely be maintained due to
he varying power (or load) levels that depend on the customer
equirements and/or environmental changes. In these situations,
t is necessary to operate the system under optimum part-load
erformance conditions. Here, part-load performance is defined
s the performance under conditions that generate less power
han under the design-point conditions. Generally, power gen-
ration under part-load operating conditions is controlled by
djusting the fuel supply.

The performance characteristics of the SOFC/GT hybrid sys-
em under part-load conditions have been studied by many
roups [2–4], and it has been concluded that the simultane-
us control of air and fuel supplies provides better part-load
fficiency than does control of the fuel alone. The gas tur-
ine has an important role in the part-load performance of an

OFC/GT hybrid system due to its rapid reduction of perfor-
ance at part-load operating conditions, which originates from

he characteristics of its components, including the compressor
nd turbine.

mailto:jlsohn@snu.ac.kr
dx.doi.org/10.1016/j.jpowsour.2007.09.074
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Nomenclature

A active area (m2)
F Faraday constant (96,485 C mol−1)
h specific enthalpy (kJ kg−1)
j current density (A m−2)
LHV lower heating value (kJ kg−1)
ṁ mass flow-rate (kg s−1)
N rotational speed (rpm)
P pressure (Pa or bar)
T temperature (◦C or K)
Uf fuel utilization factor
V voltage (V)
Ẇ power (kW)

Greek letter
η efficiency

Subscripts
1 compressor inlet
2 compressor exit
3 turbine inlet
4 turbine exit
a air
b bypassed air
c cell
comp compressor
d design-point
f fuel
FC fuel cell
GT gas turbine
HS hybrid system
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and its specifications are given in Table 1. The SOFC and the
gas turbine under the design-point conditions generated 175 and
47 kW, respectively.

Table 1
Specifications of SOFC/GT hybrid system under design-point conditions

Parameter Value

Hybrid system
Ambient conditions (◦C, atm) 15.0, 1.0
System power (kW) 220.0
System efficiency (%) 59.3

SOFC
SOFC power (kW) 175.0
Cell temperature (◦C) 889.0
Steam-carbon ratio 2.5
Fuel utilization factor 0.85
Average current density (A m−2) 3200.0
Fuel inlet temperature (◦C) 15.0
D.C. to A.C. conversion efficiency (%) 95.0

Gas turbine
GT power (kW) 47.0
Pressure ratio 2.9
Turbine inlet temperature (◦C) 840.0
Compressor isentropic efficiency (%) 78.0
Turbine isentropic efficiency (%) 82.0
turb turbine

In a previous analysis of the part-load performance char-
cteristics of an SOFC/GT hybrid system [5], two kinds of
imultaneous air and fuel control modes were considered: (i)
ariable rotational speed with fuel control, VRS + FC; (ii) vari-
ble inlet guide vane with fuel control, VIGV + FC. It was found
hat both of these modes could provide better efficiency than the
uel-only control (FOC) mode. Furthermore, the VIGV + FC
ode could be used as an alternative to the VRS + FC mode,

specially in the case of a large power class SOFC/GT hybrid
ystem, which requires a large-class gas turbine operating at a
onstant speed during part-load operation [4]. Unfortunately, the
IGV + FC mode has a limitation at relatively low power gen-

ration. To satisfy the part-load power level under this mode of
peration, the amount of air supplied to the system should be
ontrolled by adjusting the angle of the VIGV located in front
f the compressor inlet. If the angle of the VIGV is increased
bove a certain value (e.g., 40◦), it causes the compressor to stall
nd limits the gas turbine operation.
In this study, air-bypass modes are considered as alterna-
ives to the air control of part-load operation of an SOFC/GT
ybrid system. The principle of the air-bypass mode is to
ig. 1. Schematic diagram of the SOFC/GT hybrid system with air-bypass
alves.

ypass some of the compressor discharge air using by means
f a valve, and to supply it to the turbine inlet stream with-
ut passing through the SOFC. This mode reduces the amount
f air supplied to the SOFC without changing the amount of
ir supplied to the compressor. In the present study, the per-
ormance of an SOFC/GT hybrid system with two air-bypass
odes, i.e., a cold air-bypass (CAB) and a hot air-bypass

HAB), is compared with other cases, and some strategies for
he improved part-load performance of the hybrid system are
onsidered.

The configuration of the SOFC/GT hybrid system considered
n this study is given in Fig. 1. This system is based on the 220-
W class Siemens–Westinghouse SOFC/GT hybrid system [1]
Recuperator effectiveness (%) 89.0
Mechanical efficiency (%) 96.0
Generator efficiency (%) 95.0
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(VRS + FC and VIGV + FC) were considered for the simulta-
neous control of fuel and air supplied. It was found that both
of these modes provide better part-load performance than that
achieved with the FOC mode; however, these two modes have
98 J.S. Yang et al. / Journal of Po

Fuel (CH4) is supplied by a fuel compressor to the SOFC
hamber, which contains reformers, SOFCs, and a fuel cell
FC) combustor. The fuel is reformed by both a pre-reformer
nd an indirect internal reformer with the heat generated by
he SOFCs and the steam recirculated from the exhaust of the
OFCs. Reformed fuel (H2, CO) enters the anode stream of the
uel cell and reacts electrochemically with the cathode stream
nd produces electric power. Ambient air is pressurized by the
ompressor and heated by a recuperator and an FC combustor
the dotted box in Fig. 1) before entering the cathode stream
f the SOFCs. The residual gases exhausted from the anode
re burned in the FC combustor, which is a ducted burner for
he combustion of residual gases and transfers heat to the com-
ressed air, becoming a heat source for the turbine. The power
enerated by the gas turbine is the difference between the power
enerated by the turbine and the power required to operate the
ompressor. The SOFC off-gas and turbine inlet temperatures
nder design-point conditions are maintained at 889 and 840 ◦C,
espectively. The turbine inlet temperature is the same as that of
he FC combustor exit. Fuel entering the pre-reformer is heated
o 400 ◦C with the help of the exhaust gas stream from the
urbine.

. Theory

The performance of an SOFC/GT hybrid system can be
xpressed as the power generated and efficiency, as follows:

˙ HS = ẆFC + ẆGT (1)

HS = ẆHS

ṁf · LHVf
(2)

here

˙ FC = VcjAc (3)

˙ GT = Ẇturb − Ẇcomp (4)

The cell voltage is a function of the current density and
perating temperature of the fuel cell. This is obtained from
he open-circuit voltage with voltage losses such as activation
nd ohmic losses. Concentration losses for the range of current
ensity considered in this study were ignored. More detailed
escriptions can be found in our previous studies [5,6]. The cur-
ent density is proportional to the amount of consumed fuel, as
ollows:

= 2FṁfUf

Ac
(5)

Since the cell temperature depends on the amount of fuel
onsumed, and is influenced by the amount of air supplied to the
uel cell, the fuel cell power is a function of both fuel consumed
nd air supplied.

In the case of a gas turbine, the power generated is a function
f air supplied, fuel supplied and turbine inlet temperature T3,

s follows:

˙ GT = (ṁa + ṁf)(h(T3, P3) − h(T4, P4))

−ṁa(h(T2, P2) − h(T1, P1)) (6)
F
p

ources 175 (2008) 296–302

Since the turbine inlet temperature is influenced by the ratio
f fuel and air supplied to the gas turbine, the gas turbine power is
lso a function of both fuel supplied and air supplied. Therefore,
he amounts of fuel and air supplied are important parame-
ers that affect the performance of the SOFC and gas turbine,
espectively, and the SOFC/GT hybrid system [6].

The power generated by the hybrid system must be reduced
or part-load operation. For this purpose, the power level of
ither the fuel cell or the gas turbine (or both) must be adjusted
ccording to the power required. The main goal of the part-load
peration is to achieve the highest system efficiency at any power
evel. The reduction of fuel supplied to the system, which is
alled the FOC mode in this study, is the simplest control method
or the part-load operation. In this case, however, two important
emperatures related to the system performance, namely cell and
urbine inlet temperatures, decrease rapidly due to a negligibly
mall change in the air supplied, and this causes a reduction in
he efficiency of the system. To prevent this loss of efficiency,
t is necessary to manipulate the amount of air supplied while
educing the fuel supply.

In an earlier study [5], two part-load control modes
ig. 2. Two important temperatures of SOFC/GT hybrid system with various
art-load operation modes: (a) turbine inlet temperature; (b) cell temperature.
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Fig. 3 shows important features that should be considered in
addition to the limitations of part-load operation of each con-
trol mode. The FOC mode, despite its lower level of system
efficiency than the air/fuel control modes, provides the widest
J.S. Yang et al. / Journal of Po

heir own limitations. The VRS + FC mode is not applicable to
arge-class gas turbines, whereas part-load operations are possi-
le only at a constant rotational speed, and the VIGV + FC mode
imits the part-load operation range due to unstable compressor
peration at the large VIGV angle.

Two air-bypass modes are considered in this study in addition
o the part-load control modes of the hybrid system described
n our earlier study [5], namely: (i) the CAB mode bypasses
ome of compressor discharge air to the turbine inlet stream and
ii) the HAB mode bypasses some air at the recuperator exit
o the turbine inlet stream by manipulating air-bypass valves
CABV/HABV), as indicated in Fig. 1. Tucker et al. [7,8] used
imilar approaches in their experimental facility for stable start-
p of an SOFC/GT hybrid system. In particular, Traverso et al.
9] applied the CAB mode to control the turbine inlet tempera-
ure in externally fired gas turbines. In this study, however, we
onsider the use of the air-bypass modes as an alternative for the
eduction of air supplied to the fuel cell.

. Results and discussion

For analysis of the part-load performance of an SOFC/GT
ybrid system with various part-load control strategies, math-
matical formulations of the thermodynamic characteristics
f each component and the whole system were solved using
ommercial process simulation software [10]. To predict the
art-load performance of the compressor and turbine of a micro
as turbine, the generalized performance characteristic maps
rovided by Zhang and Cai [11] and Wang et al. [12] were used.
n the case of the VIGV + FC mode, the results of the perfor-
ance analysis with various VIGV angles by Yang et al. [5]
ere adopted.

.1. Air-bypass modes without fuel control

Fig. 2 illustrates the influence of the two air-bypass modes

ithout fuel control (CAB and HAB) on the cell and turbine inlet

emperatures, and compares them with other part-load control
odes. Due to the mixing of a relatively cold air stream with

he hot exhaust gas from the SOFC chamber in front of the

ig. 3. Efficiency of SOFC/GT hybrid system with various part-load operation
odes.

F
w

ources 175 (2008) 296–302 299

urbine, both air-bypass modes provide a rapid decrease in the
urbine inlet temperature. It is interesting to note that, unlike
ther modes, the power generated by the hybrid system is greater
hen using the HAB mode. This is caused by a rapid increase
f cell temperature due to the reduction of air supplied to the
OFCs (without a corresponding adjustment of the amount of
uel supplied). The HAB mode without fuel control, therefore,
annot be used as a part-load control mode. In the case of the
AB mode, furthermore, the efficiency of the system decreases

apidly with the reduction of power (see Fig. 3) that is related to
he decrease of cell temperature. The CAB mode decreases the
urbine exhaust temperature, which results in a decrease of the
emperature of the hot gas stream entering to the recuperator. In
pite of reduced amount of air entering the recuperator under the
AB mode, the decreased temperature of hot gas stream brings
reduction in the temperature of air entering the fuel cell. It is

ound that the influence of low air temperature entering the fuel
ell on the cell temperature is more dominant than the influence
f the reduced air supplied to the fuel cell. It can be concluded
hat the air-bypass modes without fuel control are inappropriate
or part-load control strategies.
ig. 4. Power generated by SOFC and gas turbine in SOFC/GT hybrid system
ith various part-load operation modes: (a) SOFC power; (b) gas turbine power.
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art-load operation range. Its lowest limit of the part-load oper-
tion is due to no generation of power from the SOFC. On the
ther hand, the VRS + FC mode, which shows the highest level
f system efficiency, cannot be operated at power levels lower
han 35% of the design-point power due to zero gas turbine
ower. In the case of the VIGV + FC mode, the lowest limit of
he part-load operation is reached due to the large VIGV angle.

The power generated by the SOFC and gas turbine with dif-
erent part-load control modes is shown in Fig. 4. In the case
f the FOC mode, in which only the fuel flow is manipulated,
he SOFC power decreases with reduction of the fuel flow under
onstant fuel utilization conditions. The role of the gas turbine
s dominant, which can be interpreted as the consequence of the
nferior part-load performance of the FOC mode. In the case
f the CAB mode, however, despite the small contribution of
he gas turbine to part-load operation of the hybrid system, its
evel of system efficiency is lower than that of the FOC mode,
s indicated in Fig. 3. This is caused by the rapid decrease of
oth the cell and turbine inlet temperatures caused by manipula-
ion of a CABV position without changing the fuel flow-rate to
ontrol the load. The SOFC power in the CAB and HAB modes

s influenced by the cell voltage which is a function of the cell
emperature and can be changed by the amount of air supplied
o the SOFC by manipulation of air-bypass valves.

ig. 5. Influence of air-bypass with fuel control modes on performance of
OFC/GT hybrid system: (a) hybrid system efficiency; (b) gas turbine power.
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.2. Air-bypass modes with fuel control

To investigate a possible improvement of the system effi-
iency by air-bypass modes, these modes are coupled with the
uel control for part-load operation of the hybrid system. Fig. 5
llustrates clearly that bypassing the hot air with fuel control
HAB + FC) provides better efficiency than the FOC mode. The
AB + FC mode however, provides the worst part-load perfor-
ance. Fig. 6(a) indicates that, in the HAB + FC mode, the
ABV is opened to control the amount of bypassed air, main-

aining a constant cell temperature from a design-point condition
o around 60% of the part-load conditions. This helps to improve
he part-load performance of the HAB + FC mode. On the other
and, in the case of the CAB + FC mode, it is not possible to
aintain a constant cell temperature, due to the low tempera-

ure of the air entering SOFCs. The rapid drop of turbine inlet
emperature in both the HAB + FC and CAB + FC modes causes
o power generation of the gas turbine at about 60 and 40%
art-load conditions of HAB + FC and CAB + FC modes, respec-
ively. These are the conditions under which the power generated
y the turbine is the same as that required by the compressor and,

s a consequence, the gas turbine operates with no production
f power (see Fig. 5(b)). After these points, the part-load oper-
tion ranges of the hybrid system with air-bypass modes can
e extended to lower power levels by closing air-bypass valves

ig. 6. Two important temperatures of SOFC/GT hybrid system operating with
ir-bypass with fuel control modes: (a) cell temperature; (b) turbine inlet tem-
erature.
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increase and the cell temperature to decrease (see Fig. 8). It is
found that, in this mode of operation, the part-load operation can
be extended to the same range as that of the FOC mode.
ig. 7. Extension of part-load operation range in VIGV + FC mode of SOFC/GT
ybrid system: (a) hybrid system efficiency; (b) gas turbine power.

hile maintaining the same gas turbine operation conditions,
hich increases the turbine inlet temperature slightly, as shown

n Fig. 6(b).

.3. Applications of air-bypass mode

As shown in Fig. 7, the air-bypass method can be applied
o extend the lower limit of the part-load operation with the
IGV + FC mode. In the case of large gas turbines for power
eneration, the extension of the part-load operation with the
IGV + FC mode is generally achieved by applying the FOC
ode after the lower limit of the VIGV + FC mode [13]. A sim-

lar concept has been applied to the SOFC/GT hybrid system, as
llustrated in Fig. 7. The extension of the VIGV + FC mode for
art-load operations in low power ranges is conducted by both
he FOC and HAB + FC modes. The level of system efficiency
f the part-load operation with the HAB + FC mode is slightly
igher than in the other mode. The part-load operation range of
he VIGV + FC mode is extended by opening the HABV, which
ncreases the bypassed air from the exit air stream of the recu-
erator to the turbine inlet stream. This reduces the air supply to

he SOFC and, therefore, it is possible to maintain the cell tem-
erature as high as possible, as shown in Fig. 8(a). The decrease
f turbine inlet temperature illustrated by Fig. 8(b), however,
esults in a reduction in the power generated by the gas tur-

F
h

ig. 8. Two important temperatures of SOFC/GT hybrid system operating with
IGV + FC and HAB + FC modes: (a) cell temperature; (b) turbine inlet tem-
erature.

ine, hence approaching a condition with no power generation
rom the gas turbine at around 50% part-load, as described in
ig. 7(b). Extension below this point can be achieved by clos-

ng the HABV, which causes the turbine inlet temperature to
ig. 9. Extension of part-load operation range in VRS + FC mode of SOFC/GT
ybrid system.
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ig. 10. Two important temperatures of SOFC/GT hybrid system operating
ith VRS + FC and HAB + FC modes: (a) cell temperature; (b) turbine inlet

emperature.

A possible extension of the part-load operation range of the
RS + FC mode coupled with the HAB + FC mode was con-

idered (see Fig. 9). In the case of the VRS + FC mode, the
eduction in power generated with the hybrid system must be ter-
inated at around 35% part-load conditions, which corresponds

o a 70% rotational speed of the gas turbine. If the rotational
peed is reduced below this level, negative power is obtained
rom the gas turbine. It is possible, however, to extend the part-
oad operation below this level by changing the VRS + FC mode
o the HAB + FC mode. In spite of the decrease in both the cell
nd the turbine inlet temperatures in the operation range of the
AB + FC mode, as shown in Fig. 10, production of power by
he gas turbine becomes positive, due to the change of the com-
ressor performance characteristics initiated by the reduction in
he turbine inlet temperature, which is related to the compatibil-
ty of the compressor and gas turbine. This is why the operation

[
[
[
[

ources 175 (2008) 296–302

ange of the hybrid system under the VRS + FC mode can be
xtended to lower part-load conditions by combining it with the
AB + FC mode.

. Conclusions

To improve the part-load performance of an SOFC/GT hybrid
ystem, control strategies using air-bypass valves have been
onsidered in this study. Manipulation of the air-bypass valve
nfluences the performance of both the gas turbine and the hybrid
ystem, bypassing some of the pressurized air at the compres-
or exit (CAB) or at the exit of the recuperator (HAV) to the
ntrance stream of the turbine. From analysis of the performance,
t is found that the air-bypass modes are applicable only when
hey are used simultaneously with fuel control. Part-load perfor-

ance of the air-bypass modes with fuel control (the CAB + FC
nd HAV + FC modes) is less efficient than the air/fuel control
odes, such as the VRS + FC and VIGV + FC, but their part-

oad operation ranges are larger than those of the other cases.
his is made possible by extending the operation range of the
as turbine by manipulating air-bypass valves. Also, the part-
oad performance of the HAV + FC mode is better than that
f the FOC mode over the same operating range. Finally, the
AV + FC mode can be applied to extend the part-load operation

ange of the VIGV + FC and VRS + FC modes by manipulating
he HABV.
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